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Abstract  
The synaptic protein Neuroligin 2, similarly to its isoform Neuroligin 1, is produced by endothelial cells, but 
its activity in the vascular context remains unknown. This study aimed at verifying the hypothesis that 
Neuroligin 2, in parallel with its extraneuronal involvement in pancreatic beta cells exocytosis, modulated 
cytokine release from endothelial cells and consequently angiogenesis.  
We used in vitro approaches to modulate Neuroligin 2 expression and Neuroligin 2 null mice to test our 
hypotheses. In vitro, upon VEGF stimulation, Neuroligin 2 silencing strongly reduces Angiopoietin 2 release 
in the medium and increases the endothelial cell retention of  Weibel Palade Bodies, the specialized 
organelles that store Angiopoietin 2 and various other cytokines.  On the contrary, Neuroligin 2 
overexpression almost depletes cells of Weibel Palade Bodies, independent of VEGF. In vivo, both the retina 
and tumor xenografts grown in NLGN2- null mice display an immature vasculature, with lower pericyte 
coverage and lower Tie2 phosphorylation . At the molecular level NLGN2 colocalizes with its neuronal 
partner collibystin, a CDC42 guanine nucleotide exchange factor, which is also expressed by endothelial cells 
and in turn modulates Angiopoietin 2 release.  
Neuroligin 2, an inhibitory synaptic protein,  modulates a peculiar  aspect of vascular function  and could 





 Neuroligin 1 (NLGN1) is a synaptic protein expressed on endothelial cells (ECs) that modulates angiogenesis 
and EC adhesion in cooperation with the laminin-binding integrin alpha6 beta1 [1]. Nonetheless, another 
Neuroligin isoform, Neuroligin 2 (NLGN2), is also highly produced by ECs, but its vascular activities do not 
overlap with those of NLGN1[1]. Interestingly, outside of the CNS, NLGN2 is involved in insulin release from 
pancreatic cells [2].  
Angiopoietin 2 (Ang2) is a vascular mediator with diverse activities, ranging from vessel sprouting to vascular 
permeability and inflammation [3] that is stored in secretory organelles of ECs called Weibel–Palade bodies 
(WPB) [4] along with von Willebrand factor (vWF) and a number of other vascular regulators. Vascular 
endothelial growth factor (VEGF) is an agonist of Ang2 release from ECs with a prominent role in tumor 
angiogenesis and vascular remodeling [3]. Here, we report the finding that endothelial NLGN2 modulates the 
VEGF-induced Ang2 and vWF release from ECs in vitro and in vivo, in cooperation with a neuronal Guanine 
Exchange Factor (GEF) for the small GTPase CDC42. Moreover, NLGN2 null mice display an altered vascular 
pattern and reduced pericyte coverage of vessels both in the neonatal retina and in subcutaneous tumors. These 
phenotypes are compatible with the lack of an agonistic activity of Ang2 towards its receptor Tie2.  
 
 
Materials and Methods 
 Animals : Mice lacking NLGN2 (Nlgn2tm1Bros/J - Jackson Laboratory), previously described [5], were maintained on a mixed C57BL/6 x 129 background (designated B6; 129) in the animal facility of the Institute (IRCC) under standard housing conditions. Mice were sacrificed at P5 and retinas were isolated for analysis. PCR amplification was used for the genotype characterization using the forward common primer (5’GTGAGCTGAATCTTATGGTTAGATGGG3’), the wild-type reverse primer: (5’CCCATCAGTGTACCATTCCCTAAA3’), and the mutant reverse primer (5’GAGCGCGCGCGGCGGAGTTGTTGAC3’). All animal experiments were performed in compliance with guidelines governing the care of laboratory mice of the University of Torino Committee on Animal Research.  
Antibodies: Goat polyclonal Human Angiopoietin-2 (AF623), Monoclonal Mouse Human 
Collybistin/ARHGEF9 (Clone #809309, MAB 7848) and Rabbit Polyclonal Human/Mouse Phospho-Tie-2 
(Y992) (AF2720) antibodies were obtained from R&D Systems.  
The Rabbit Polyclonal Anti-Human Von Willebrand Factor (A0082) was from Dako. 
The mouse anti-HA (sc-7392) was purchased from Santa-Cruz. The Rabbit anti-HA (H6908) and the Isolectin 
B4 FITC-conjugated from Bandeiraea Simplicifolia were purchased from Sigma. 
The Rabbit anti-NG2 Chondroitin Sulfate Proteoglycan Polyclonal antibody was from Millipore.  




siRNA and cDNA transient transfection: ECs (2x106) were plated in 10 cm2 dishes and transfected in opti-
MEM® I + GlutaMAXTM (Gibco by Life Technologies) by using the LipofectamineTM (2 mg/ml) and Plus 
Reagent (3 mg/ml) (Invitrogen) with 3 μg of DNA. After 3 hours at 37°C the opti-MEM® I was replaced with 
EGM-2. For transient down-regulation, ECs were seeded in EGM-2, in 6 well plate (1,2x105 cells/well). ECs 
were transfected for the next two days with 200 picomoles of each ON-TARGET plus siRNAs (Dharmacon): 
siRNA NLGN2_B09 (J-008843-09) recognizing the 5’UTR and the ORF sequences of human NLGN2, siRNA 
NLGN1_A5 recognizing the CDS sequences of human NLGN1 or with Non-targeting siRNA#1 (Scrambled), by 
using the Oligofectamine (Invitrogen) according to manufacturer’s protocol. 
 
Endothelial cells infection: The lentiviruses NLGN2 shRNA, Collybistin shRNA (XM_377014-
TRCN0000047617) and CTRL shRNA (RNAi Consortium library SIGMA) were produced as described [6] . 
One day before the infection, ECs were seeded at concentration of 3,5x104 cells/ml in a 100 mm tissue culture 
dish. Then the cells were transduced for 36h with the lentiviral particles in the presence of 8 μg/ml Polybrene 
(Sigma-Aldrich). Before starting every experiment, the efficiency of cell infection was determined by analyzing 
gene downregulation by qRT-PCR. 
 
In vitro cord formation assay: For in vitro cord formation BME was added to each well at a concentration of 8 
mg/ml and incubated at 37°C for 30 minutes to allow gel formation. Scramble control and NLGN2 silenced ECs 
(2,3 x 104/well) were plated onto Matrigel in the presence of Recombinant Human VEGF165 (50 ng/ml) or VEGF 
plus angiopoietin 2 (0,2 ug/ml) (R&D systems-catalog number 623-AN) and incubated for 4 hours at 37°C in 
5% CO2 humidified atmosphere. Cells organization was examined (Leica Microsystem, Heerbrugg, Switzerland) 
and photographed. The lengths of the capillary-like structures were quantified with the imaging software 
winRHIZO Pro (Regent Instruments Inc.).  
 
Retinal whole mount staining and confocal imaging analysis: Mouse retinas dissection and whole mount 
immunostaining were performed as previously described [7] with modifications. Eyes were harvested at P5 and 
fixed in 4% paraformaldehyde (PFA) for 1 hour in ice. Retinas were dissected and washed briefly with DPBS 
(Sigma) three times and incubated overnight at 4°C in DPBS containing 0.5% Triton X-100 and 0.2% BSA. The 
retinas were rinsed briefly with DPBS containing 1% Triton X-100 and then incubated overnight at 4 °C in 
DPBS 1% Triton X-100 with specific antibodies against: Isolectin B4 (40 μg/ml); von Willebrand Factor (vWF 
1:200); Phospho-Tie-2 (pTie2 1:50); Neural/glial antigen 2 (NG2 1:50). The retinas were rinsed in DPBS for 2 
hours and then incubated for 1 hour at RT in DPBS 1% Triton X-100 containing the appropriate secondary 
antibody Alexa Fluor conjugate (1:200 Alexa Invitrogen Molecular Probes®) and stained with DAPI (1:5000) 
for 45 minutes. Retinas were then washed in DPBS for 1 hour, fixed again with 4% PFA for 30 min at RT and 
flat-mounted onto a glass coverslip. Images were acquired using a confocal laser-scanning microscope (TCS SP2 
with DM IRE2; Leica) and processed using Adobe Photoshop ®. 
Retina images were quantified with Image Processing & Analysis in Java software (Image J) as follows: the 
immunoreactivity of each antigen was calculated as the surface area stained by the corresponding antibody 
normalized on the total surface vascular area visualized by Isolectin B4. For each quantification at least 5 
mice/genotype were analyzed.  
 
Endothelial cells immunostaining and signal quantification: ECs plated on gelatin-coated coverslips were 
fixed either with 4% PFA or with -20°C Methanol for 10 minutes at room temperature (RT), permeabilized with 
0.2% Triton–X in PBS for 8 minutes at RT and saturated with 10% Donkey Serum/1% BSA in PBS for 40 
minutes at RT. Slides were incubated with the primary antibodies: mouse anti-HA (1:100), rabbit anti-HA 
(10μg/ml); rabbit anti-vWF (1:200); goat anti-Angiopoietin 2 (1:50) and mouse anti-Collybistin (1:50) in PBS 
10% Donkey Serum/1% BSA for 1 hour at RT and with the appropriate Alexa Fluor secondary antibodies in 
PBS 5% Donkey Serum for 45 minutes at RT. Finally, cells were stained with DAPI (1:10000) for 10 minutes at 
room temperature and mounted with immunofluorescence mounting medium (Dako). 
Confocal images were acquired using a confocal laser-scanning microscope (TCS SP2 with DM IRE2; Leica). 
Fluorescent antibody signal was calculated with the Image Processing & Analysis in Java software (ImageJ) 
measuring the mean pixel intensity of maximum-projected confocal image stacks. 
 
Enzyme-Linked Immunosorbent Assay (ELISA): Cell culture supernatants of NLGN2 overexpressing ECs in 
basal condition, or NLGN2 silenced ECs treated with vehicle, PMA (50 ng/ml) or VEGF (50 ng/ml) were 
collected for the analysis of Angiopoietin 2 release. The enzyme-linked immunosorbent assay (ELISA) 
(Quantikine Human Angiopoietin-2 ELISA kit -R&D Systems Europe, Ltd, Abingdon, UK) was used following 
the instruction manual. Each sample was measured in triplicate, and the OD values were measured at 450 nm 
using Synergy HT Microplate Reader. Wavelength correction were made at 540 nm. 
 
Xenografts: WT and NLGN2KO C57BL/6J mice, 5 weeks of age, were subcutaneously inoculated with 2,5 × 
105 B16 melanoma cells. Xenograft Tumors were excised when they reached around 1000 mm3. 
Immunofluorescence analysis of OCT embedded tumors were performed with Isolectin and Neural/Glial antigen 
2 antibodies.  
Images were acquired using a confocal laser-scanning microscope (TCS SP2 with DM IRE2; Leica) 
and quantified with Image J as follow: the immunoreactivity of each antigen was calculated as the surface area 
stained by the corresponding antibody normalized on the total surface vascular area visualized by Isolectin B4. 
For each quantification at least 6 tumors/genotype were analyzed. 
 
 
Statistical Analysis: Upon verification of normal distribution, the statistical significance of raw data between 
the groups in each experiment was evaluated using the unpaired Student’s t-test or ANOVA followed by the 
Bonferroni post-test. Results are expressed as means ± standard error of the mean (SEM) when derived from 
averaged experiments, or means ± standard deviation (SD) when derived from several data points of one 
experiment. n represents the number of individual experiments. The asterisks and circles */°, **/°° and ***/°°° 
in figure panels refer to statistical probabilities (P) of <0.05, <0.01 and <0.001, respectively. 
  
Results  
NLGN2 and its intracellular partner collybistin modulate Ang2 and vWF release  
Our initial analysis showed that Ang2 release in the medium of ECs was sharply reduced by NLGN2 silencing 
both in basal conditions and upon VEGF stimulation, but not upon stimulation with the protein kinase C (PKC) 
activating phorbol ester PMA (phorbol 12-myristate 13-acetate[4]) (Figure 1A).  
We next focused on the relations between VEGF, NLGN2, and Ang2. NLGN2 downregulation strongly 
impaired the time-dependent VEGF-induced discharge of WPB from cells, as measured by the amount of Ang2 
or vWF within the cells (Figure 1B). Similarly, in vivo, in the postnatal mouse retinal vasculature, the absence of 
NLGN2 induced an increase in intracellular vWF (Figure 1C). In contrast, NLGN2 overexpression in ECs 
almost doubled the amount of Ang2 released in the medium (Figure 2A) while strongly reducing both Ang2 and 
vWF cell content (Figure 2B). This effect was totally independent of VEGF addition (data not shown). 
Importantly, neither NLGN2 silencing nor overexpression altered the amount of Ang2 mRNA (Figure S1A, B). 
We next reasoned on the NLGN2 molecular partners that could potentially be involved in these activities. Two 
candidates stood out for their properties. One was the family of exchange proteins activated by cAMP (Epac), 
which are activators of the small G protein RAP [8]. EPAC proteins have been implicated in various exocytotic 
processes including WPB release [9], and an EPAC isoform (EPAC2/RAPGef4) is known to interact with 
NLGN2 in neurons[10]. Most of the EPAC-including pathways also involve cAMP signaling through protein 
kinase A (PKA) [8] and, interestingly, VEGF induced WBP exocytosis is dependent at least in part on 
cAMP/PKA pathway[11]. Unexpectedly, however, neither NLGN2 overexpression nor silencing was able to 
modulate RAP1 or PKA activity upon VEGF stimulation (Figure S2A, B, and data not shown). On the other 
hand, by the independence of PMA-induced release of Ang2 from NLGN2 (Figure 1A), PKC activity was 
unaffected by NLGN2 expression (Figure S2C).  
The second candidate was the neuronal GEF collybistin (CB), a CDC42 activator [12]. In neurons, NLGN2 
binds CB and shifts its equilibrium towards an active conformation to regulate the organization of inhibitory 
postsynaptic densities[13]. Our data showed that CB is expressed by ECs (Figure S3A) and colocalizes with 
NLGN2 (Figure S3B), while CB silencing inhibits VEGF activity by causing Ang2 and vWF retention in cells, 
comparably to NLGN2 downregulation (Figure S3C, D). Moreover, NLGN2 silenced ECs showed a total loss of 
CB organization (Figure S3E). On the other hand, NLGN2 activity through overexpression, which promotes a 
strong depletion of Ang2 and vWF from cells even in the absence of VEGF (Figure 2A) was independent of CB 
expression (Figure S3H).  
  
NLGN2 modulates in vitro and in vivo vascular morphogenesis  
Next, we set out to evaluate if NLGN2 affected the angiogenic activities of VEGF on ECs and how this was 
dependent on Ang2. In vitro, NLGN2 downregulation changed the VEGF-induced cord formation of ECs on 
Matrigel by increasing the total tube length of the vasculature, while the simultaneous addition of exogenous 
Ang2 restored the normal phenotype (Figure 3A). To demonstrate a role of NLGN2 in physiological 
angiogenesis we used NLGN2 null mice. In these mice, the total vascular area in the neonatal retina and the 
density of the meshes were increased, while the typical hierarchical organization of the mature vascular trees 
was lost (Figure 3B). Interestingly, consistent with an agonist role of Ang2 on Tie2 in this context, Tie2 
phosphorylation was reduced in retinas of NLGN2 null mice (Figure 3C). Parallel to the abnormal vessel growth 
there was a reduced pericyte coverage of retinal vessels (Figure 4A), a phenotype reminding of tumor 
angiogenesis. To prove this point we grew subcutaneous tumors in NLGN2 null mice, and demonstrated that 
their vascular bed displayed an additional loss of pericytes when compared with tumors grown in WT mice 
(Figure 4B).  
 
Discussion  
This study is a follow-up to other three reports from our laboratory that demonstrate a role for the synaptic 
proteins Neuroligins in vascular biology [1,6,14]. In particular, we reveal that the major “inhibitory isoform” of 
the NLGN family helps regulate the secretion of Ang2 and vWF from ECs.  
Based on our data we assume that NLGN2 modulates VEGF-induced vWF/Ang2 release without a distinct 
involvement of the main molecular partners that we considered: the EPAC/RAP, PKA, or PKC pathways 
[9,11,15]. Besides the complexity of the WPB machinery itself [16] two factors may have impaired our 
understanding of the VEGF-NLGN2 downstream axis. First, NLGN2 itself modulates exocytosis in pancreatic 
beta cells through a complex transcellular mechanism that is also context and model dependent [2,17]. Second, 
VEGF plays a dual role in regulating endothelial exocytosis, triggering pathways that both promote and inhibit 
this process [18].  
Nevertheless, we find that NLGN2 cooperates with yet a novel endothelial mediator, the neuronal GEF CB. 
Hence, one possibility is that NLGN2 affects exocytosis by modulating the exocyst complex and vesicle docking 
through a CB-CDC42 axis [19]. Indeed, immunodetection of active CDC42 in ECs shows that NLGN2 silencing 
reduces the activity of CDC42 to the same extent as CB downregulation does, at least in basal conditions (Figure 
S4). 
 We show that in vitro and in vivo NLGN2 deletion influences vascular morphogenesis. Our data support the 
idea that Ang2, at least at the concentrations controlled by NLGN2 in vivo, is a Tie2 agonist. While the original 
view in the vascular field was that Ang2 produced by VEGF-activated endothelium inhibits Tie2 activity, 
destabilizes blood vessels and induces pericyte loss [20], this antagonist hypothesis has been challenged and the 
activity of Ang2 has been proposed to be context-dependent. In particular, Ang2 has been reported to function as 
a Tie2 activator in human tumor xenografts [21]. Accordingly, we show that a lack of NLGN2 in the host 
induces pericyte loss during the vascular development of the retina and it exacerbates the same phenotype in the 
already abnormal tumor vasculature. Hence, we hypothesize that NLGN2 silencing in EC causes a loss of an 
agonist activity of Ang2.  
In conclusion, this study along with our previous one[1] reveals that NLGN2, unlike NLGN1, modulates vessel 
functions not by affecting the extracellular matrix adhesive properties of ECs, but by regulating the release of 
WPBs, with their large cytokine load and activities ranging from hemostasis to inflammation, to tumor 
metastasis [3].  
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Figure legends  
FIGURE 1 Neuroligin2 regulates VEGF-induced WPBs release in vitro and in vivo  A ) Ang2 release assays were performed by Elisa on ECs supernatants, transfected with control (si RNA SCRL) or NLGN2 siRNA (siRNA NLGN2) treated with vehicle (PBS), PMA (50ng/ml) or VEGF (50ng/ml) for 40 minutes (A). NLGN2 silenced cells displayed a strong decrease in VEGF-induced Ang2 secretion; NLGN2 downregulation does not affect PMA ability to induce Ang2 release; The graphs shows the percentage of Ang2 release in culture media with respect to siRNA SCRL.   Values are expressed as mean ± S.E.M. (n=3 independent experiments). Asterisks and circles indicate statistical significance versus cells treated with vehicle and VEGF, respectively; one-way ANOVA with Bonferroni test (n=3): **p<0.01,***,°°°p<0.001.. B) Confocal microscopy analysis performed on ECs, transfected with a short hairpin control (shRNA CTRL) and a shRNA sequence specific for NLGN2 (shRNA NLGN2), treated with VEGF (50ng/ml) for 0, 5, 10, 20 and 40 minutes. Cells were immunostained with anti-Ang2 (red, upper panels and graph) and anti-vWF (green, lower panels and graph) antibodies. In NLGN2 downregulated cells VEGF is unable to induce WPB/Ang2 release, which then accumulate intracellularly. The images are representative of 1 out of 3 reproducible experiments (scale bar: 10 μm). The graphs show the fluorescent area immunodecorated with each antibody. Values are expressed as mean ± S.E.M. Asterisks indicate statistical significance versus cells infected with shRNA CTRL; unpaired Student's t test, two-tailed (n = 3, total cells analyzed n = 30): *p<0.05; ***p<0.001.  C) P5 postnatal mouse retina of WT and NLGN2 KO (Nlgn2−/−) mice were immunostained with isolectin B4 to visualize the retinal vascular vessels (green) and with the anti-vWF antibody (red). NLGN2 KO retinas showed a clear intracellular accumulation of WPBs with respect to WT; this accumulation is localized predominantly in areas of active proliferation at the growing front of the vascular plexus. Scale bar: 100 μm. The graph shows the fluorescent area of vWF staining normalized on the total vascular surface area. Values are expressed as mean ± S.E.M. (n = 5 retinas for each genotype), unpaired Student's t test, two-tailed (*p = 0.025).  
 
FIGURE 2: Neuroligin2 overexpression  induces Ang2 and  WPBs release  from cells 
 A) Ang2 release assays were performed by Elisa on ECs supernatants  overexpressing the retroviral vector pBABE, either EMPTY or containing NLGN2 cDNA (pBABE NLGN2). The overexpression of NLGN2 in basal condition doubled the presence of Ang2 in ECs supernatants. The graph shows the percentage of Ang2 release in culture media with respect to pBABE empty.  Values are expressed as mean ± S.E.M. (n=3 independent experiments). Asterisks  indicate statistical significance versus cells transfected with pBABE empty; unpaired Student's t test, two-tailed (n=2): p=0.0012 B)  Confocal microscopy analysis performed on ECs overexpressing the retroviral vector pBABE, either EMPTY, or containing NLGN2 cDNA (pBABE NLGN2). Cells were immunostained with anti-HA (red), anti-vWF (green), anti-Ang2 (magenta) antibodies and DAPI (blue). NLGN2 overexpressed cells displayed a significant reduction in WPBs and Ang2 intracellular fluorescence with respect to control cells. The images are representative of 1 out of 3 reproducible experiments (scale bar: 10 μm). The graph shows the fluorescent area immunodecorated with each antibody. Values are expressed as mean ± S.E.M.; unpaired Student's t test, two-tailed (n = 3, total cells analyzed n = 21): ***p<0.001.   
FIGURE 3 Phenotipic effects of Neuroligin2 silencing in vitro and in vivo. A) ECs transfected with control (shRNA CTRL) and one shRNA sequence specific for NLGN2 (shRNA NLGN2) were seeded on 48-well plates coated with BME (8 mg/ml) and treated 4 hours with VEGF (50ng/ml) in presence or absence of human recombinant Ang2 (rhAng2, 0.2 µg/ml). Tube length was quantified through WinRHIZO Pro and is represented in the histograms. Images and graphs shown are representative of 1 out of 3 reproducible experiments, each in triplicate. Data are expressed as mean ± S.D. One-way ANOVA with Bonferroni test: °°, p < 0.01 for shCTRL + VEGF versus shNLGN2 + VEGF and **, p < 0.01 for shNLGN2 + VEGF versus shNLGN2 + VEGF + Ang2. NLGN2 downregulation increases the length of the total tube vasculature formed upon VEGF treatment and this phenotype is reversed by exogenous Ang2. B,C) Post-natal angiogenesis (B), Tie2 activation (C) in p5 mouse retina of WT and NLGN2 KO (Nlgn2−/−) mice immunostained with isolectin B4 to visualize the retinal vascular vessels (green, B,C ), anti-pTie2 (red, C). The absence of NLGN2 results in increased total vascular area and density of the vascular network in the neonatal retina and decreased activation of the Ang2 receptor Tie2. The graphs in B show the total surface vascular area, in C the pTie2 fluorescent area normalized on the total isolectin area. Values in B,C are expressed as mean ± S.E.M.. Unpaired Student's t test, two-tailed: B (n=9 retinas for each genotype) *, p = 0.0015); C (n=5 retinas for each genotype) **, p =0.0032  
FIGURE 4:   Neuroligin2 silencing reduces pericyte coverage of vessels  in physiological and tumoral angiogenesis A) Vascular pericyte coverage  in p5 mouse retina of WT and NLGN2 KO (Nlgn2−/−). Retinas of mice were immunostained with isolectin B4 to visualize the retinal vascular vessels (green),  and anti-NG2 to visualize pericytes (red). The absence of NLGN2 results in decreased pericyte coverage . The graphs shows the pericyte coverage (measured as the colocalization between NG2 and isolectin, normalized on the total isolectin area. Values are expressed as mean ± S.E.M.. Unpaired Student's t test, two-tailed  (n=4 retinas for each genotype) *, p =0.0492.  B) NG2 (red) and Isolectin (green) staining and quantification in B16 -derived tumors from WT and NLGN2 KO mice (six animals per group). Tumors grown in NLGN2 KO mice displayed a reduction in pericyte coverage 
compared to WT. Images are representative of 1 out of 6 tumors per group (scale bar, 100 μm). Graphs show the pericyte coverage (measured as the colocalization between NG2 and isolectin, normalized on the total isolectin area). Values are expressed as mean ± S.E.M. (n = 48 images), unpaired Student's t test, two-tailed (**, p = 0.0084).   
